The structural genes for Escherichia coli ribosomal protein (r-protein) genes LI, S4, and 511 were inserted into a plasmid vector containing the lac operator and promoter such that the synthesis of LI, S4, and SlI was controlled by lac regulatory elements. Synthesis of LI, S4, and SlI was stimulated by addition of an inducer of the lac operon (isopropyl thiogalactoside) to exponentially growing cells. Elevated In exponentially growing Escherichia coli cells, the synthesis of ribosomal proteins (r-proteins) is regulated so that the synthesis rates of all the r-proteins are identical and coordinately changed in response to environmental conditions. Such regulation is particularly intriguing because r-protein genes are organized into a number of unique transcription units ("operons") located at various regions of the bacterial chromosome (for a review, see ref. 1).
r-proteins whose genes are in the same operon as their own. In exponentially growing Escherichia coli cells, the synthesis of ribosomal proteins (r-proteins) is regulated so that the synthesis rates of all the r-proteins are identical and coordinately changed in response to environmental conditions. Such regulation is particularly intriguing because r-protein genes are organized into a number of unique transcription units ("operons") located at various regions of the bacterial chromosome (for a review, see ref. 1) .
On the basis of gene dosage effects on r-protein mRNA and r-protein synthesis, we have previously suggested a model for posttranscriptional feedback regulation of r-protein synthesis, namely, that certain free r-proteins not assembled into ribosomes act as "autogenous" feedback inhibitors to regulate further translation of r-protein mRNA (2, 3) . This model was subsequently tested in vitro by examining the effect of certain r-proteins on DNA-directed r-protein synthesis. We found that some r-proteins (S4, S8, and Li) have specific inhibitory effects on the synthesis of certain r-proteins whose genes are in the same operon as their own (4) . L1 inhibited the synthesis of Lii and L1, whose genes are in the Lii operon; S4 inhibited the synthesis of three proteins in the a operon, S13, SIi, and S4; and S8 inhibited the synthesis of some of the proteins encoded in the spc operon, L24, L5, and probably S14 and S8 (ref. 4 ; see Fig. 1 for the structures of the pertinent operons). In vitro inhibition of r-protein synthesis was specific and occurred at the level of translation. The results have supported the posttranscriptional feedback regulation model, and, in addition, have indicated that r-proteins Li, S4, and S8 are feedback inhibitors involved in the regulation of the respective operons.
In order to test whether the observed in vitro effects really reflect an in vivo mechanism, we have now examined the effect of overproduction of S4 and Li on synthesis of other r-proteins in vivo. The structural genes for these r-proteins were placed under lac promoter (lacP) control within a multicopy recombinant plasmid in a way similar to that used by Lindahl and Zengel (5) . Using various plasmids constructed in this way, we have demonstrated that overproduction of S4 or Li results in selective inhibition of synthesis of other r-proteins that share the same operon as S4 or Li. These results have established the role of S4 and LI in the regulation of the a and Lii r-protein operons, respectively. EXPERIMENTAL PROCEDURES Bacterial strains and hybrid plasmids relevant to the present studies are listed in Table 1 and Figs. 1 and 2. Hybrid plasmids were maintained in the strain GM1 by growing cells on tryptone broth agar supplemented with ampicillin at 50 ug/ml. Extraction of phage and plasmid DNA and the preparation of restriction enzyme fragments have been described (11) . All other experimental procedures are described in the figure and table legends.
RESULTS
Construction of Hybrid Plasmids. In order to examine the effects of overproduction of r-proteins S4 and LI in vivo, DNA fragments containing the structural genes for these proteins (without their genuine promoters) were inserted into a hybrid plasmid (pBGPI20; see ref. 7) containing the lac operator (lacO) and lac promoter (lacP) controlling elements (Fig. 2) . The lacOP region of the vector is located near a single EcoRI restriction enzyme site and transcription from lacP is directed towards the EcoRI site. Bacterial genes inserted into the EcoRI site of pBGP120 can, therefore, be regulated by the lacOP control elements.
A deletion mutant (Xspc2A9; see refs. 8 and 9) derived from the specialized transducing phage Xspc2 was used as a source of S4 DNA. The Xspc2A9 specialized transducing phage has a deletion of a region of bacterial DNA extending from within the S13 gene to within the L16 gene (Fig. 1A) . Digestion of Xspc2A9 DNA with EcoRI yields a convenient 5% fragment containing the entire S4 and Sii genes, a fusion of the S13 and L16 genes, and portions of the S3 and RNA polymerase a genes (Fig. 1A) . The 5% fragment was inserted into the EcoRI site of pBGPi20 such that the sense strand of the r-protein genes is fused to the sense strand of lacP (pNO101S, Figs. 1 and 2, Table  1 ). The structure of the hybrid plasmid pNO1013 was confirmed by analysis of products formed after digestion of the plasmid DNA with EcoRI, BamHI, and HindIII, singly or in combination. To 
rplA (with an insertion) * rpsD, rpsK, and rplA are the genes for S4, S11, and L1, respectively. to overproduction of S4 or S1i in the experiments to be described below, a similar plasmid was constructed that contained SI1 but not S4.
The plasmid containing only the S 1I gene was constructed by digesting the 5% fragment with restriction enzyme HinduI to obtain a 3.6% fragment and cloning of the latter into the EcoRI site of pBGP120 (pNO1015; Fig. 1 and Table 1 ). The nature of the aberrant pBGP120 EcoRI-3.6% HindII fusion was not examined. However, it was possible to confirm the correct orientation of the 3.6% fragment within the hybrid plasmid by restriction enzyme BamHI digestion and r-protein synthesis rate measurements described later. A hybrid pVH51 plasmid containing the 3.5% Snm I-EcoRI fragment from the specialized transducing phage Xrifdl8 was used as a source of Li gene (Fig. iB) (8, 9 ) is shown as a cross-hatched bar. EcoRI-digested Xspc2A9 DNA was used as a source for purification of the A9 5% EcoRI fragment, which was inserted into pBGP120 in this study (pNO1013; see Fig. 2 ). Purified A9 5% fragment was used as a source for the A9 3.6% fragment by digestion of the 5% fragment with Pvu II and HindII. The A9 3.6% fragment was also inserted into the pBGP120 EcoRI site (pNO1015; see the text). A 3.5% fragment obtained after digestion of Xrifdl8 chromosomal DNA with EcoRI and Sma I was inserted into the EcoRI site of pVH51 (called pNO2016; cited in ref. 10) . The nature of the Sma I-EcoRI junction is not known, but neither the EcoRI site nor the Sma I site was retained, as is indicated by the cross through the vertical arrow below pNO2016. Plasmid pNO2016 therefore has a single EcoRI site. This site was used to cut-pNO2016 and insert it into the EcoRI site of pBGP12O to construct a composite plasmid pNO1014 (see Fig. 2 ). figure) and the direction of transcription from lacP (the thick horizontal arrow) are indicated.
Plasmid pNO1013 was constructed by ligating EcoRI-digested pBGP120 and the purified A9 5% fragment. The orientation of the cloned fragment was confirmed by digesting the recombinant plasmid (pNO1013) with BamHI, EcoRI, or HindHI followed by agarose gel electrophoresis. The direction of correct strand transcription from the cloned bacterial region is indicated by a thin horizontal arrow. In the case of pNO1013, transcription originating from lacP should continue through the distal portion of S3, S13fL16, S11, S4, and the proximal portion of a coding regions (see Fig. 1 ). S13/L16 is a "hybrid gene" created by the A9 deletion, which has deletion ends in the L16 and S13 genes (9) .
Plasmid pNO1014 was constructed by ligating EcoRI-digested pBGP120 and EcoRI-digested pNO2016. The orientation of the cloned fragment was confirmed by digesting the recombinant plasmid (pNO1014) with restriction enzymes Bgl II and BamHI followed by agarose gel electrophoresis. An EcoRI site was lost from the recombinant plasmid, as indicated by a cross through the restriction site arrow, possibly as a consequence of recombination between homologous regions of pVH51 ("mini-ColE1") and RSF2124. The DNA originally derived from pVH51 is indicated by cross-hatching. The direction of correct strand transcription from the cloned bacterial regions is indicated by a thin horizontal arrow. In the case of pNO1014, transcription originating from lacP should continue through the L11 and Li coding regions (see Fig. 1 Table 2) .
The synthesis of all r-proteins carried on hybrid plasmids was stimulated 2-to 5-fold upon IPTG induction, confirming that the structural genes for these proteins are regulated by lacP. Overproduction of r-proteins S4 and Sil (in the strain N02247) resulted in a specific reduction in synthesis of S13 and L17 ( Effect of Overproduction of S4, Sli, and LI on Growth. The effect of overproduction of S4, Sll, and L1 on cell growth was tested by using strains harboring the various hybrid plasmids described above. Increased synthesis was elicited by adding the lac inducer IPTG (1 mM) to exponentially growing cells. As described in the previous section, IPTG addition stimulates synthesis of r-proteins encoded by the cloned rprotein genes (see Table 2 ). Inducer addition caused a marked decrease in growth of N02247 (which carried the plasmid pNO1013; Fig. 3 For labeling experiments cells were grown in a synthetic minimal medium (AB medium; see ref. 12 ) supplemented with 0.4% glycerol, all amino acids except methionine and lysine at 50,ug/ml, and thiamine at 2 pg/mL Cells were grown at 371C to approximately 2 X 108 per ml. Samples of cells were pulse-labeled with [3H]lysine (646 pmol/ml; 80.5 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) for 1 min followed by a 1-min "chase" with excess nonradioactive lysine. The labeling of cells was done before (control cells) and 10 min after addition of IPTG to 1 mM (experimental cells). Cells were rapidly chilled and then mixed with a suitable amount of [14Cjlysine-labeled carrier cells. 14C-Labeled cells were prepared by growing cells in the presence of [14C]lysine for several generations. r-Proteins were extracted and separated by two-dimensional gel electrophoresis (13) . After the gels had been stained, the spots corresponding to the indicated r-proteins were cut out, the gels were oxidized with a Packard sample oxidizer, The ratios obtained were then normalized to the ratio obtained with an individual r-protein indicated by a box. Values considered to be significantly different from 1.0 are underlined. Similar experiments were also done by taking measurements 20 min after induction rather than 10 min after induction. Values were similar to those given in the table.
DISCUSSION
The results described in this paper clearly confirm the conclusion from in vitro studies (4) that S4 and LI have the capacity to inhibit synthesis of r-proteins encoded in their respective operons, the a and Lii operons. In the case of the LII operon, Lii failed to show specific inhibitory effects on the r-protein synthesis in the in vitro experiments (4), and we conclude that Li is the feedback inhibitor that plays a regulatory role in the synthesis of both Lii and LI encoded by the genes in this operon. Similarly, S4 is the feedback regulatory protein in the a operon. Other proteins in this operon tested (S13, Sii, and L17 in vitro; Sil in vivo) failed to show any specific inhibitory effects. However, the inhibition of L17 synthesis by S4 was observed only in the present in vivo experiments, and not in the previous in vitro experiments (4) . As discussed below, we think that the synthesis of L17 is indirectly regulated by S4.
Lindahl and Zengel have reported that overproduction of several r-proteins contained in the S10 operon leads to a specific reduction in synthesis of other r-proteins from the S10 operon Table 2 ) at the time indicated by the arrow. Optical densities at 600 nm were followed in a Zeiss spectrophotometer. 0 (4) is also the primary mechanism for feedback regulation in vivo.
The inhibition of the synthesis of L17 by overproduced S4 is possibly due to an indirect effect and not due to a direct inhibition of translation of L17 message by S4. For example, one can imagine that the inhibition of translation of the promoter-proximal genes by S4 leads to an increased degradation of the distal mRNA, and such a "polar effect" was observed in vivo but not to a significant extent in vitro. One specific model is that S4 interacts with a beginning region of the mRNA and directly blocks the translation of the first cistron, that is, the synthesis of S13. Inhibition of the translation of S13-distal cistrons is a consequence of this block either because of the deg- (2, 4) , our model envisions that during ribosome biosynthesis regulatory r-proteins (such as S4, S8, L1, and L4) are rapidly sequestered into the ribosome and are therefore unable to inhibit r-protein synthesis. However, if the synthesis rate of r-proteins exceeds the ribosome biosynthesis rate, "free" r-proteins accumulate and exert feedback inhibition on further r-protein synthesis. In this way translation of r-protein mRNA is coupled with the assembly of ribosomes.
Note Added in Proof. A cluster of r-protein genes from the spc operon (S8, L6, and L18) has now been fused to the lac promoter by using the pBGP120 plasmid as described above (see Fig. 1A for the structure of the spc operon). Overproduction of S8, L6, and L18 in vivo resulted in decreased synthesis of L5, S14, S5, L30, and L15. These results are consistent with the in vitro conclusion that S8 is a regulatory protein for the spc operon.
